Introduction
The bottom-up approach [1, 2] to the construction of molecular-based electronic devices through self-assembly has been at the forefront of efforts [3] to apply organic and molecular inorganic components as molecular junctions, [4] wires, [1] [2] [3] 5] transistors [6] and diodes. [7] These efforts face many limitations absent in solid-state devices and as a result many of the molecular-based devices reported in the literature have been studied under cryogenic and/or ultra-high vacuum conditions.
[6b,6c] Hence, a major hurdle in the implementation of molecular systems in electronic devices is to achieve operation at ambient conditions. Monolayers based on osmium complexes modified with 4,4Ј-bipyridylbased linkers have been investigated since the mid-1990s (Figure 1) , [8] and have been shown to display transistor-like behaviour at room temperature in aqueous solution when described in solution and the effect of surface immobilisation examined through a combined electrochemical and surfaceenhanced Raman spectroscopic study. A key finding is that although the thiophene unit is involved in surface anchoring it also undergoes chemical reactions with the gold surface as demonstrated by Raman spectroscopy.
assembled on platinum and gold surfaces. [9] The nature of the linker, such as a pyridine or thiol group [10] (see Figure 1) , is an important structural component since it is expected to control, to a large extent, interfacial electrontransfer properties between the redox centre and the electrode surface. [11] Overall, most focus has been placed on aryl and alkyl thiol anchoring units, however, although convenient for the formation of self-assembled monolayers, SAMs, the synthesis of the precursors is generally challenging and has limited to some extent the availability of variation in the molecular systems studied. The development of other linkers for surface attachment is, therefore, of continuing interest and alternative options include pyridine and thiophene. In the latter case, relatively little is known about its interaction with gold surfaces. [12] In this contribution, we report the electrochemical and spectroscopic properties of a series of Ru II and Os II polypyridyl complexes of the general formula [M(bpy) 2 
where M is either Ru II or Os II , bpy is 2,2Ј-bipyridyl and L represents either the ligand 2-(4-pyridyl)imidazole[f]-1,10-phenanthroline (pyrphen) or 2-(3-thiophenyl)imidazole[f]-1,10-phenanthroline (thimphen) (see Figure 2 ) both in solution and as monolayers on Pt and Au. The complexes are structurally similar, differing only in the linker unit they contain; pyridine vs. thiophene. The aim of these studies is to investigate the potential of these moieties as anchors for the immobilisation of metal complexes. The synthesis, electrochemical and spectroscopic properties of the compounds in solution are reported together with the investigation of self-assembled monolayers of the complexes, which are 
Results and Discussion

Synthesis
The ligand thimphen was synthesised in moderate yield using a modified literature procedure [13] (see Supporting Information). The complexes [Ru(bpy) 2 2 (1,10-phenanthroline)] 2+ precursor was oxidised to the corresponding 1,2-diketone followed by the formation of the pyridine imidazole unit (Figure 3) . The 1 H NMR spectra (see Supporting Information) of the ligands are as expected. [13] The spectra of the metal complexes were assigned by comparison with spectra of isotopologues of the complexes (Figures S1-3 
UV/Vis Absorption and Emission Spectroscopy and Acid/ Base Chemistry
UV/Vis absorption and emission data are provided in Table 1 . The UV/Vis absorption spectra are dominated by strong absorptions in the visible region, assigned as metalto-ligand charge-transfer ( 1 MLCT) transitions.
[14] The osmium complexes also display less intense absorptions at ca. 600 nm, which are assigned to, formally, forbidden 3 MLCT transitions. [15] All four complexes show the expected 3 MLCT emission at room temperature in acetonitrile. [14, 16] Notably in each case a slight redshift in emission is observed on going from the thiophene unit to the pyridine unit indicating, at least modest, electronic communication between the complexes and the peripheral "anchor" groups in the excited state (see Figure 4) .
Where ligand moieties that undergo the deprotonation are bound directly to the metal centre, considerable pHdependent changes in the electronic properties can be expected. [17] However, for the present complexes the changes in the visible part of the absorption spectra are minor with substantial changes confined to the UV region of the spectrum. This suggests that the electronic coupling of the imid- [b] 732 [c] [a] In acetonitrile at 298 K.
[b] Ref. [33] [c] Ref. [34] Figure 4. Normalised emission spectra of (from left to right) [Ru(bpy) 2 azole moiety with the metal centre is limited. The effect of deprotonation of the imidazole moiety [18] on the UV/Vis absorption spectrum of the complexes was examined through a pH titration in aqueous solution (see Supporting Information, Figures S4-S7 ). For the thimphen-based complexes a pK a of 9.0 Ϯ 0.1 was determined for the deprotonation of the imidazole moiety. Somewhat surprisingly for the pyridine complex evidence for deprotonation was not observed. These observations are consistent with ESI-MS data (vide supra). In addition to deprotonation, protonation of the imidazole groups may be expected as well and the pH titration monitored by UV/Vis absorption spectroscopy indicated a pK a of 3.1 Ϯ 0.1 for all complexes. For the pyrphen complexes, no additional changes corresponding to protonation of the pyridine ring were observed.
Resonance Raman Spectroscopy
Resonance Raman spectroscopy can provide useful information for assigning electronic transitions because of the selective enhancement of scattering from vibrational modes associated with the electronic transition resonant with the excitation wavelength used to obtain the Raman spectrum. [19] The Raman spectrum of each complex was compared with that of [Ru(bpy) 3 ] 2+ . The Raman (at λ exc = 785 nm) and resonance Raman spectra recorded at λ exc = 355, 449 and 473 nm are shown in Figure 5 and Figure S8 . The spectra allow for the assignment of the involvement of the various ligand components in the electronic transitions observed in the visible region of the absorption spectrum. At λ exc = 355 nm, the Raman spectrum is dominated by bands associated with the thimphen and pyrphen ligands consistent with assignment of the absorption at that wavelength to π-π* transitions centred on those ligands. The resonance Raman spectra at λ exc = 449 nm and more so at λ exc = 473 nm contain primarily contributions from the thimphen and pyrphen ligands as well as bpy ligands consistent with the assignment of the visible absorption bands arising from 1 MLCT transitions to both the bpy and thim/pyrphen ligands. Importantly, with regard to the discussion on the SERS data of sub-monolayers on gold beads below, the SERS spectrum recorded by aggregation of gold colloid, although similar, shows small differences in peak positions compared with the resonance Raman spectra and the solidstate spectrum. 
Computational Results
The frontier orbital region of the ascribed complexes was studied by density functional theory (DFT) calculations. Percent contributions of selected parts of the molecule to the frontier orbitals were calculated by a population analysis and analysed with the GaussSum program. A summary is given in the Supporting Information (Tables S1-S10 LUMOs of these complexes are delocalised orbitals with contributions primarily from the bipyridine ligands as well as from the phenanthroline/imidazole moiety but with no contributions from pyridine or thiophene. Higher energy unoccupied orbitals also show contributions from the phenanthroline/imidazole moiety as well as from pyridine. In contrast, thiophene contributions are not found in the first five unoccupied orbitals. Oxidation from the M II to the M III state leads to a rearrangement of the frontier orbitals, with an unpaired electron (α-HOMO). This orbital is delocalised over the phenanthroline/imidazole moiety and pyridine or thiophene of [Ru III (bpy) 2 3+ it is localised just on the pyridine moiety. The involvement of the linker moieties, pyridine and thiophene, in the HOMO is of particular interest. The same arrangement was observed before for the 4,4Ј-bipyridyl complexes discussed above. [11] Room-temperature scanning tunnelling microscopy, STM, studies showed that for these compounds well-defined electron transfer between the electrode surface, via the redox centre, to an STM tip could be observed establishing the transistor-type behaviour of such molecules. [9] On the basis of the DFT results obtained for the compounds reported in this contribution we postulate that similar electron-transfer processes will be observed, however, since the linkers are different, the electron transfer will take place at different rates for each.
Deprotonation of the imidazole moiety to [Ru II (bpy) 2 -(pyrphen)] + and [Ru II (bpy) 2 (thimphen)] + leads to a phenanthroline/imidazole and pyridine-or thiophene-based HOMO. Three metal-based orbitals are observed at lower energy as HOMO-1 to HOMO-3. The two lowest energy unoccupied orbitals are found to be bipyridine based but no contributions from pyridine or thiophene to the five lowest Table 2 . Solution-based electrochemical data. [a] [Ru(bpy) 2 2+ species. The calculations do not yield insight into this unexpected behaviour, but show that upon deprotonation little change is observed in the Ru-based HOMO orbitals but that thimphen-containing orbitals show significant changes in energy. This is in agreement with the pH titrations (vide supra) and confirms that there is little electronic coupling between the metal centre and the imidazole unit in the ground state.
Redox Properties
All four complexes show a single quasi-reversible oxidation at potentials similar to their analogous [M(bpy) 3 ] 2+ complexes (where M = Ru or Os) and with no significant difference between the pyridine-and thiophene-based complexes (Table 2) Table S1 , vide infra) is shown to have 30 % contribution from the phen/imidazole unit and a 69 % contribution from bipy. This is in agreement with spectroscopic data (vide supra) and the reduction of bpy and phen ligands are largely invariant for a very wide range of complexes (-1.35 V). [3] The potential of the first reduction is observed at -1.24 V (vs. SCE). This reduction is irreversible at slow scan rates, vide infra. An analogous reduction was not observed in the thimphen-based complexes or for the complexes [Ru(bpy) 2 [21] respectively). The signal at -1.24 V is assigned to a pyridine-based reduction based on the irreversibility and is consistent with the ability of the pyridine unit to undergo proton-coupled reductions.
Further irreversible reduction waves are observed with cathodic peak potentials [23] of -2.07 and -2.64 V. These processes are not fully reversible, and are assigned to the phenanthroline-based ligand. 
Monolayer Formation
Although the thiol anchor group has been employed most widely in the formation of SAMs on gold and, to a lesser extent, platinum surfaces, [10] other anchoring units, such as 4,4Ј-bipyridine, have also been employed. [8, 9] In the present study, SAM formation is expected to be driven by the pyridine and thiophene groups on the complexes (see Figure 2 ). Of particular interest is the behaviour of thiophene as a potential surface anchoring unit and its stability with regard to chemisorption on gold.
The electrochemical data for SAMs of the four complexes are provided in Table 3 and scan rate-dependent cyclic voltammetry is shown in Figure 8 and Figure 9 , as well as Figure S9 (see Supporting Information). The voltammetric peak shapes and potentials do not vary between 1 and 5 V s -1 , with current i p [A] increasing in direct proportion to the scan rate, ν [V s -1 ] , as expected for a surface confined process. The ΔE p is in between 15 and 25 mV and the full width at half maximum (FWHM) is 100-160 mV, which is slightly larger than the theoretical 90.6 mV for a one-electron process. [24] The surface coverage (Γ) was calculated from the current density at between 2 and 8 ϫ 10 -11 mol cm -2 , which indicates sub-monolayer coverage. The values of ΔE p , Γ and FWHM are consistent with related systems, e.g., monolayers of [Ru(bpy) 2 
(bpySH)]
2+ [25] Table 3 . E ½ in solution and as SAMs on platinum (Pt) and gold (Au) for all complexes and calculated surface coverage (Γ).
[a] The scan rate dependence of the cyclic voltammetry obtained for [Os(bpy) 2 
(thimphen)]
2+ in water shows an additional feature. The first positive sweep segment shows a shift in E p,a by 40 mV to more positive potentials, with the peak potentials returning to the potentials observed in organic solvents on the return and subsequent cycles (Figure 10) . Notably this is observed only for the complex [Os(bpy) 2 
2+ and not the analogous ruthenium complex or either of the pyrphen-based complexes. However, it may be related to the higher surface coverage obtained for [Os(bpy) 2 (Figure 1 ), which were rationalised as being because of ion pairing and hence a marked solvent dependence. The observed shift in potential for the initial cycle for an [Os(bpy) 2 -(thimphen)] 2+ monolayer in aqueous electrolyte can be assigned tentatively to the uptake of perchlorate ions that are then retained within the monolayer. 
Surface-Enhanced Raman Spectroscopy
Surface-enhanced Raman scattering (SERS) spectroscopy, using both gold colloid and electrochemically roughened gold beads, was applied to probe the nature of the interaction between the thiophene bearing complexes and gold. The relative importance of chemisorption with respect to physisorption in forming the (sub)monolayers was assessed using [Ru(bpy) 2 
(thimphen)]
2+ and its isotopologue [Ru(D 8 -bpy) 2 
2+ . The SERS spectra of [Ru(bpy) 2 
2+ obtained both by aggregation of gold colloid and from a submonolayer on an electrochemically roughened gold bead are shown in Figure 11 . A differ-ence in intensity for several bands as well as conformational broadening are observed when the spectra of [Ru(bpy) 2 -(thimphen)] 2+ on a gold bead and on gold colloid are compared. [27] This is especially the case in the low wavenumber region where the relative intensity of the bands is less in the monolayer, possibly due to binding of the thiophene unit to the gold surface. 2+ obtained using gold colloid were compared to assign the bands arising from thiophene and phen moieties ( Figure 13 ). The frequencies of each of the vibrational modes of the bpy ligands have been reported at 1608, 1563, 1491, 1320, 1276, 1264, 1176, 1043, 1028, 767 and 668 cm -1 . [28] The C-C stretching modes of the bpy ligand give rise to frequencies at 1608, 1563 and 1491 cm -1 with the ring modes occurring at 1028, 767 and 668 cm -1 . The C-H bend coupled with the ring stretch mode is at 1176 cm -1 . [26, 28] The bands that are not related to the bpy vibrational modes (see Figure 11 ) are associated with modes of the pyrphen ligand. The bands at 720 and 1420 cm -1 are not observed in the spectrum of [Ru(bpy) 2 -(pyrphen)] 2+ and are therefore assigned as thiophene bands. Importantly, the SERS spectrum of monolayers of [Ru(bpy) 2 
2+ on gold beads was found to change over time. An increase in intensity and broadening of the band at 650 cm -1 together with a decrease in the intensity of the band at 720 cm -1 was observed. These data indicate that the thiophene group is affected upon adsorption to a surface, but it remains unclear what specific structural changes occur. Previously, Shimoyama and coworkers observed a change in intensity of an absorption at 720 cm -1 in the FTIR spectrum of a monolayer of thiophene, over time, which they assigned to a rearrangement in the packing of the thiophene on the gold substrate. [29, 30] It was proposed, albeit on the basis of a relatively small data set, that thiophene initially lays flat on the surface and over time rearranges to a tightly packed upstanding monolayer. Considering the geometry and measured surface densities of the complexes [Ru(bpy) 2 2+ was used for SAM formation to investigate the relative importance of chemisorption and physisorption. A SERS spectrum of the same solution was obtained by aggregation of gold colloid; in this case the intensity ratio was different from the spectra obtained for SAMs on roughened gold beads (Figure 14) . 3 ] 2+ in comparison to spectra obtained upon aggregation of gold colloid (Figure 14) . This indicates that the differences in intensity of the two complexes in the monolayer on a gold bead are not due to differences in surface enhancement, but due to a different surface density of both complexes. These data demonstrate that although physisorption is important in the formation of monolayers, the thiophene unit is actively involved in surface anchoring.
Conclusions
Four novel mononuclear transition metal complexes have been synthesised with ruthenium or osmium at the metal centre. Electrochemical characterisation using cyclic voltammetry reveals one metal-based oxidation as well as several ligand-based reductions for each complex. The data obtained show that for all four complexes monolayers can be formed, on both Pt and Au. Importantly the thiophenebased compounds show monolayer formation and SERS spectroscopy indicates that the thiophene ring is actively involved in binding to gold. Considerable attention has been paid in the literature to the investigation of thiol-type linkers containing -SH, or precursor -SR groups. [10] These linkers bind well to surfaces, however, the introduction of such tethers often presents synthetic challenges with regard to the synthesis of redox active units especially when they are introduced in osmium compounds. The reason for this is their limited thermal stability and that they often decompose under the high temperatures required during synthesis of osmium complexes. On the other hand the synthetic procedures for the thiophene analogues are straightforward. The introduction of thiophene moieties therefore opens a promising novel approach to the immobilisation of redox active species with sulfur-based linkers on Au and Pt surfaces. However, a key question arises as to the nature of the interaction in systems employing these anchors with regard to the relative contribution of physisorption and chemisorption. Indeed as we have shown, even without the anchor unit significant physisorption takes place for complexes such as [Ru(bpy) 3 ] 2+ and hence the addition of an imidazole-pyridine/thiophene unit may contribute towards immobilisation on surfaces through physisorption to a significant extent.
Experimental Section
Materials: The compounds 1,10-phenanthroline-5,6-dione, [13] 2-(3-thio)imidazo[f]-1,10-phenanthroline (thimphen), [13, 31] D 8 -2,2Ј-bipyridyl, [32] [Ru(bpy) 2 [35] [Os(bpy) 2 (phen)](PF 6 ) 2 and [Ru(bpy) 2 (phendione)]-(PF 6 ) 2 [36] were synthesised according to literature procedures. All other chemicals were purchased from commercial sources and used without further purification unless stated otherwise. All solvents used for synthesis were of reagent grade. All solvents used for spectroscopic measurements were of HPLC grade or better. The synthesis and 1 
Instrumental Methods:
1 H NMR spectra were recorded with a Bruker Avance 400 MHz NMR spectrometer. Data are relative to residual solvent signals. UV/Vis absorption spectra were recorded with a JASCO 570 UV/Vis/NIR spectrophotometer using 1 cm pathlength quartz cells. Electrochemical experiments were carried out using a CH Instruments Version 8.15 software controlled electrochemical bipotentiostat (CHI750C or CHI760C). Glassy carbon (3-mm-diameter disk), platinum (2-mm-diameter disk) and gold bead electrodes were cleaned by standard methods. A Pt wire was used as the counter electrode. A saturated calomel electrode (SCE), Hg/HgSO 4 or Ag/AgCl wire, were used as reference electrodes. The electrochemical potentials are reported with respect to SCE. Tetrabutylammonium perchlorate (TBAClO 4 , Fluka, electrochemical grade Ն99.0 %) in acetonitrile (Aldrich anhydrous, 99.8 %) or dichloromethane (Aldrich, anhydrous, 99.8 %) were used as electrolyte and solvent, respectively. For the preparation of electrodes for the self-assembled monolayer formation the solvent was purged with argon for at least 10 min prior to experiments and a blanket of argon was maintained throughout.
Resonance Raman spectra were obtained at λ exc = 449 nm (35 mW, PowerTechnology), 473 (100 mW, Cobolt Lasers) and 355 nm (10 mW, Cobolt Lasers). A 5-cm-diameter plano-convex lens (f = 6 cm) was used and Raman scattering was collected in a 180°back-scattering arrangement. The collimated Raman scattering was focused by a second 5-cm-diameter plano-convex lens (f = 6 cm) through an appropriate long-pass edge filter (Semrock) into a Shamrock300 spectrograph (Andor Technology) with a 1200 l mm -1 grating blazed at 500 nm and collected by a Newton EMCCD (Andor Technology) operating in conventional CCD mode. Data were recorded and processed using the program Solis (Andor Technology). The spectral calibration was performed using the Raman spectrum of acetonitrile/toluene, 50:50 (v:v). Emission spectra were recorded using the same system as for Raman spectroscopy except that a 150 l mm -1 grating was employed. Samples were held in quartz 10-mm-pathlength cuvettes. Surface-enhanced Raman scattering (SERS) spectra were recorded using a PerkinElmer Raman station with excitation at 785 nm. For solution SERS spectra, complexes were dissolved in water prior to addition to the Au colloid, which induced aggregation of the colloid directly. SERS spectra of monolayers were obtained on gold bead electrodes prepared using an adaptation of the procedure [37] originally described by Tian et al. [38] See Supporting Information for details.
Computational Details: Molecular structures were optimised within the framework of density functional theory (DFT) employing the BP86 functional [39, 40, 41] with a split-valence SV(P) basis set [42] in combination with conductor-like screening (dielectric constant ε = ϱ through the solvation model COSMO [43] ). These calculations were performed with the program package Turbomole [44] using the efficient RI-J approximation. [45] Population analyses were performed with the Gaussian 09 [46] program at the BP86/def-TZVP level of theory in an electric conductor environment (IEF-PCM formalism, acetonitrile) using the previously optimized molecular geometries. Percentage contributions were evaluated using GaussSum. [47] Supporting Information (see footnote on the first page of this article): Details of synthesis and characterisation of all complexes, 1 H NMR spectra and additional UV/Vis absorption and Raman data and procedures for preparation of SAMs. Additional DFT data tables are provided.
